Abstract: Enhanced terahertz wave generation via Stokes wave recycling in a nonsynchronously picosecond pulse pump configuration has been demonstrated. It is theoretically analyzed that under the condition of high pump peak power density, the oscillation of the strong 1st order Stokes wave could benefit the higher order Stokes wave emission and terahertz wave generation. In the experiment, 5.71 times enhancement of terahertz wave generation was obtained via Stokes wave recycling in the non-synchronously picosecond pulse pumped terahertz parametric generator compared with the conventional single-pass terahertz parametric generation. The maximum terahertz wave average power was 61.7 μW under the pump power of 20 W and the cavity length of 170 mm, while the maximum power conversion efficiency was 3.085 × 10 −6 .
Introduction
The terahertz (THz) wave is attractive for more and more researchers because of its potential in a wide variety of applications in condensed matter physics, chemical engineering, life sciences and homeland security [1] - [2] . In the fields of the THz science and technology, high power THz sources is crucial concerns for researchers. It is one of most promising methods to generate THz wave by stimulated polariton scattering (SPS) [3] in LiNbO 3 (MgO:LN) crystal. Terahertz parametric oscillator (TPO) based on SPS was firstly obtained by means of nanosecond (ns) pulse laser pumped configuration [4] - [6] , and further developed by Kawase et al. [7] - [10] . After continuous improvement over decades [11] - [22] , ns pumped TPO has already reached its limits owing to the harm of undesirable stimulated Brillouin scattering (SBS) effect. However, picosecond (ps) pulse pumped terahertz source could suppress the SBS effect and increase the conversion efficiency by about one order [23] . Therefore, ps pulse pumped terahertz sources have grown up recently, for example, injection-seeded terahertz parametric generators (is-TPG) with the maximum output of 30 μW [24] - [31] , and picosecond laser synchronously pumped TPOs (ps sync-TPO) with the maximum output of 5.4 μW [32] - [34] .
In this work, we proposed the enhanced THz wave generation via Stokes wave recycling based on a non-synchronously picosecond pulse pump configuration. Comparing with the conventional ps is-TPG and ps sync-TPO, this kind of configuration is simple and widely applicable. The oscillation of strong 1st order Stokes wave benefitted the higher order Stokes wave emission and terahertz wave generation. The experimental results show the maximum enhancement ratio of the THz power was 5.71 times compared with the conventional single-pass TPG configuration. When the pump power was 20 W and the cavity length was 170 mm, the maximum THz average power was 61.7 μW, and the maximum power conversion efficiency was 3.085 × 10 −6 . In addition, at this kind of maximum pump energy, broadband 1st order Stokes wave spectrum was observed over the 1069.08-1071.56 nm spectral region. We achieved a broad THz wave spectrum, ranging from 1.24 to 1.89 THz.
Experimental Details
The experimental setup is shown schematically in Fig. 1 . The pump source was a diode-pumped all-solid-state picosecond amplifier system [35] , which generated 1064.4 nm laser up to 20 W average power with pulse duration of 50 ps, the repetition rate of 1 kHz and a beam quality factor (M 2 ) less than 2. A pair of lenses, L 1 and L 2 , made up the collimating system, which reduced the pump beam size to 3 mm. The variable optical attenuator was comprised of two parts: the half wave plate (HWP) and polarizing plate beam-splitter (PPB). A pair of plane-parallel mirrors M 1 and M 2 (Optical Coatings Japan Co.), which were both designed as anti-reflection from 1063 to 1064.7 nm (T > 98%) and high reflection from 1067 to 1100 nm (1067-1070 nm, R > 70% & 1070-1078 nm, R > 90% & 1078-1100 nm, R > 99%), made up the oscillating cavity. The nonlinear optical crystal was a 5 mol% MgO doped congruent LiNbO 3 (MgO:LN) crystal, with the shape of an isosceles trapezoid in the x-y plane. The longer base of the isosceles trapezoid was 40 mm, while the shorter base was 23.2 mm. The thickness of the MgO:LN crystal was 10 mm. The bottom angle of the isosceles trapezoid was 65°, which guaranteed that the pump wave and different orders Stokes wave were totally bounced at the surface of the MgO:LN crystal. This kind of configuration also allowed the THz wave to be emitted perpendicularly to the MgO:LN crystal surface, and had lower loss compared to Si-prism coupling configuration [36] . The polarization orientation of the pump wave and the Stokes wave were both parallel to the z-axis of the MgO:LN crystal. In addition, a rotating stage was utilized to assemble the oscillating cavity and the MgO:LN crystal. Considering that the time constant of Golay Cell detector (TYDEX, Inc.: GC-1P) is always larger than 10 ms and the optimum operation frequency is less than 50 Hz, the emitted THz radiation was chopped with an optical chopper (Stanford Research Systems: SR540) at a frequency of 10 Hz (50% duty cycle) and measured by the Golay cell. The Golay cell detector was calibrated by Tydex Inc., and the optical responsivity of the detector at the repetition rate of 10 Hz was 86.95 kV/W. In the experiment, the transmittance-calibrated black polyethylene (PE) sheet, which could exclude the direct injection of the intense pump and Stokes wave into the detector, was used as the THz wave low-pass filter. In addition, the black PE sheet was also treated as the THz wave attenuator to avoid the detector's saturation. In order to measure the THz pulse train with 1 kHz repetition rate, the 4K-Silicon bolometer (IRLabs: #3233) was utilized in the experiment, considering its time constant of about 1 ms. The spectral content of the Stokes wave was monitored using a calibrated optical spectrum analyzer (Yokogawa: AQ6370C). The THz wave frequency was inferred from the frequency difference of the fundamental and Stokes wavelengths.
Results and Discussion
In traditional terahertz parametric oscillator (TPO), the pump pulse duration is usually several nanoseconds, and the length of the pump wave train is about several meters. Under this condition, the oscillating Stokes wave could interact with the pump wave and generated narrowband THz wave. Other kinds of picosecond (ps) laser pumped TPOs usually utilize high repetition pump laser to make the Stokes wave and pump wave synchronized, as a result, the oscillating Stokes wave and the pump wave could interact with each other and generate narrowband THz wave. In our experiment, owing to the relatively low repetition rate of the pump source (1 kHz), it was not possible to match the cavity round-trip time (∼1 ns with the cavity length of 170 mm) with the inter-pulse time of the pump wave (∼1 ms with the repetition rate of 1 kHz). It means that the oscillating Stokes wave could not interact with the pump wave. The pump wave and recycling Stokes wave stimulated broadband THz wave independently through TPG process. Therefore, a non-synchronously pumped oscillator was arranged in the experiment. Fig. 2(a) shows the scheme of the terahertz wave generation via Stokes wave recycling process. On the condition of high pump peak power density in the cavity, the primary SPS conversion from the pump to the 1st order Stokes and THz wave plays the main role. Then the oscillation of strong 1st order Stokes wave can benefit the higher order Stokes wave emission and terahertz wave generation. Fig. 2(b) shows the detailed timing sequence of the pump wave passed through the nonlinear crystal, the Stokes wave recycled in the cavity and the THz wave generated in the SPS process. The pump wave transmits through the nonlinear crystal in a single pass. The oscillating Stokes wave stimulated SPS process repeatedly in the cavity. The THz wave could also be generated repeatedly. Thus, the accumulation of these multiple THz wave excitations will bring about the power enhancement of the total THz wave generation. Here, it should be noted that this kind of accumulation is temporal incoherent. The THz wave, generated by the primary SPS process and the 1st order Stokes wave oscillation induced extra SPS process, can be theoretically demonstrated as
where f TH z is the frequency of the THz wave, c is the velocity of light in the vacuum, λ p ump refers to the wavelength of the pump, λ 1st−Stokes refers to the wavelength of the 1st order Stokes wave and λ 2nd−Stokes refers to the wavelength of the 2nd order Stokes wave, respectively. The next higherorders SPS processes are omitted in the equation. In the primary SPS process, the pump wave with high peak power density leads to the strong and broadband 1st order Stokes wave and THz wave generation. Owing to the oscillating cavity was aligned with part of the 1st order Stokes wave, strong recycling 1st order Stokes wave also stimulates broadband 2nd order Stokes wave and THz wave generation. The other higher order SPS processes are weak on account of the cavity mismatching. Moreover, the angle between the pump and 1st order Stokes wave is smaller than the ones between the pump and higher order Stokes wave. It means that the interaction area between the pump and 1st order Stokes wave is larger than that between the pump and higher order Stokes waves. For this reason, the gain of the THz wave generation mostly comes from the primary SPS process and the 1st order Stokes wave oscillation induced extra SPS process, instead of the interaction between the pump and higher order Stokes waves. That is to say, other higher THz harmonics could be negligible.
To analyze the Stokes wave recycling process in detail, the THz output characteristics were measured as a function of different cavity lengths in the experiment. The oscillating cavity was aligned with part of the 1st order Stokes wave for better recycling. The angle between the pump and the 1st order Stokes wave outside the nonlinear crystal was fixed at 1.3 degrees for stronger THz wave generation. The overall results are demonstrated in Fig. 3 . It is clearly shown that under the same pump power, the THz wave generation decreased along with the cavity lengths increasing from 170 mm to 260 mm. Moreover, when the oscillating cavity was removed, namely single-pass TPG, which was equivalent to the condition of infinite cavity length, the lowest power of the THz wave was generated. This phenomenon could be attributed to the change of diffraction loss and angle tolerance in the cavity. According to the classical principle of laser physics [37] , the single pass diffraction loss of the oscillating cavity can be theoretically demonstrated as
, where L is the cavity length, λ is the wavelength of the oscillating wave, a is the effective aperture radius, and N is the Fresnel number of the oscillator, respectively. It can be inferred that the longer cavity length resulted in the higher diffraction loss and lower angle tolerance for the 1st order Stokes wave. As a result, under the non-collinear phase-matching condition, the SPS conversion to higher order Stokes wave was weak. Therefore, the enhancement of THz wave generation was also weak. Furthermore, it is obvious that in the condition of the finite cavity length (Stokes wave recycling configuration), Stokes wave recycling could lead to power enhancement of the THz wave generation. However, in the state of infinite cavity length (single-pass TPG), the Stokes wave oscillation process and the enhanced THz wave generation could not exist. From Fig. 3 , it is seen that the THz output power from Stokes wave recycling configuration was clearly higher than that from single-pass TPG in the experiment, which was consistent with the theoretical analysis. When the pump power was 20 W and the cavity length was 170 mm, the maximum THz average power was 61.7 μW, and the maximum power conversion efficiency was 3.085 × 10 −6 . There was 5.71 times enhancement of the terahertz wave generation compared against the ones from single-pass TPG. In order to avoid the damage to MgO:LN crystal, higher pump power was not attempted. By limitation of the size of the crystal and the optical components, shorter cavity length was not attempted either. Fig. 4(a) shows the spatial distribution of the pump and Stokes waves (which were visualized by collinear second harmonic generated green light) leaking from the oscillating cavity as a function of the incident pump power from 2 W to 20 W, in the condition of the cavity length was 170 mm and the angle between the pump and 1st order Stokes wave outside the nonlinear crystal was 1.3 degrees. When the incident pump power was 2 W, only the pump wave was visible. As the incident pump power increased, the pump wave was getting much brighter. Till the moment that the incident pump power approached 10 W, different orders of the Stokes waves became clearly visualized, which means that the 1st order Stokes wave was oscillating strong enough and stimulating the higher order Stokes wave in the cavity. Furthermore, when the pump power increased up to 20 W with the pump density of 5.66 GW/cm 2 , the anti-Stokes wave emerged, and the pump depletion was 11.2 W in the cavity. It can also verify the extremely strong Stokes waves generation and SPS processes in the cavity.
The spectral output of the pump and Stokes wave under the incident pump power of 20 W was measured, as shown in Fig. 4(b) . Since the spatial distribution of the anti-Stokes, pump and Stokes wave were discontinuous, a lens was utilized to focus these beams into the detection fiber of the optical spectrum analyzer in the experiment. There was one order of broadband anti-Stokes wave (1058.14-1060.12 nm), the narrowband pump wave (1064.36 nm) and three different orders of broadband Stokes waves (1069.08-1071.56 nm, 1073.70-1077.34 nm & 1079.68-1082.02 nm). This spectrum corresponds to the broadband THz-wavelength range of 158.41-241.08 μm (1.24-1.89 THz). It should be noted that this kind of focusing measurement could lead to different coupling efficiency between different waves, thus the normalized intensity between different spectral lines in Fig. 4(b) are incomparable. The cavity in our experiment was not synchronized for the pump and Stokes wave. As a result, the oscillating Stokes wave and the pump wave could not interact with each other. The cavity was only for Stokes wave recycling rather than THz wave frequency tuning. The pump wave and recycling Stokes wave stimulated broadband THz wave independently through TPG process. Overall, the narrowband pump wave with high peak power density led to the strong and broadband 1st order Stokes wave and THz wave generation through SPS process. Then the strong 1st order Stokes wave was recycling in the oscillating cavity. And the broadband 1st order Stokes wave stimulated the wider broadband 2nd order Stokes wave and THz wave. At the same time, the anti-Stokes and the higher order Stokes wave were also stimulated as a result of the strong SPS process. Fig. 5(a) shows the THz wave signal detected by Golay Cell under a fixed chopping rate of 10 Hz. Considering that the time constant of Golay Cell is always larger than 10 ms, we have to utilize the chopper combined with the Golay Cell for measurement when the repetition rate of the detected signal is larger than 100 Hz. This kind of chopped THz wave signal was almost the same as the chopped signal of the continuous THz wave, which differs from the conventional pulsed ones. It can be deduced that the calculation of the THz wave average power was reliable in our experiment. In addition, considering the time constant of 4K-Silicon bolometer is about 1 ms, it helped us obtain the pulse train of the THz wave signal, as shown in Fig. 5(b) . The THz wave signal of 1 kHz repetition rate can be well observed.
Conclusion
In conclusion, the enhancement of the terahertz wave generation via Stokes wave recycling based on non-synchronously picosecond pulse pump has been demonstrated in this paper. The process of enhanced terahertz wave generation via Stokes wave recycling has been investigated theoretically. High pump peak power density led to powerful primary SPS conversion from the pump to the 1st order Stokes wave. The oscillation of strong 1st order Stokes wave benefitted the higher order Stokes wave emission and the power enhancement of terahertz wave generation. The experimental results show the maximum enhancement ratio of the THz power was 5.71 times compared with the conventional single-pass TPG configuration. This kind of simple configuration may lead to improvements in robust, reliable, compact and cost-effective THz sources with broadband and sufficient output in future researches.
